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Abstract : Generation of thermal donors (TDs) and oxygen precipitation as a result of low 
temperature annealing of boron-doped CZ-silicon under nitrogen ambient for different durations 
has been srudied by resistivity and FTIR measurements. Donor generation rate is very rapid in 
the early stage of ^nnealing and decreases later on. Prolonged annealing accelerates the process 
of oxygen precipitation yielding a maximum value of 1.97 ppma for 187 hrs of annealing. The 
oxygen reduction can be described by the second order kinetics. Thermal diffusion coefficient 
has been estimated to be ~ 5.52 x ltT*9 cm? s-1 and activation energy 1.089 eV.
CZ-silicon samples with high and moderate oxygen concentrations have also 
been annealed in air ambient at 450°C ond the effect of oxygen and carbon, analysed in all the 
cases. Ambients do not appear to affect the TD generation kinetics. The results of the influence 
of oxygen and carbon on donors generated by annealing at 650°C for 100 hrs in the two CZ-Si 
samples with initial oxygen concentration 33.5 and 34.5 ppma and carbon concentrations 1.5 and 
1.0 ppma respectively, and the donors so generated os a function of oxygen carbon reduction due 
to precipitation are presented and discussed.
Controversial issue of the exact number of oxygen atoms involved in a TD 
formation is debatable in view of the divergent estimates put-forth by the workers. Involvement 
of 7-Oj atoms in a single TD sounds more logical as also opined by Lindstrom et al[ \ ) .
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1. Introduction
CZ-Si is a starting material for MOS (metal oxide semiconductor) and bipolar process 
technologies. Oxygen is the most abundant non-intentional impurity incorporated in the 
melt during growth process from the walls of fused silica crucible. Presence of oxygen = 2 
x 1018 cm-3 corresponding to the solubility limit of oxygen in silicon at the melting point 
has been established and is saturated at temperatures needed for device fabrication. Above 
300°C oxygen is mobile. Zone refining of silicon in order to reduce oxygen increases 
material cost significantly. Therefore, supersaturated concentration can be reduced either by 
out-diffusion or forming complexes or precipitates depending upon the thermal treatment.
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F orm ation  o f  precip itates and o f  secondary d e fects  is used for internal getterin g  to  rem ove  
m eta llic  im purities in the d e v ice  a ctive  reg ion . H eat treatm ent around 3 0 0 -5 0 0 ° C  y ie ld s  
donor lik e  d efects, ca lled  thermal donors (T D s) and m ay be destroyed  ab ove  5 5 0 °C , thereby 
g iv in g  birth to new  type o f  donor c a lle d  n ew  donors (N D s) . T he d e fe c ts  s o  created  are 
e lectr ica lly  a ctive  and m ay affect the perform ance o f  a  d ev ice . T herefore, th is problem  has 
been  tackled  by various w orkers from  d ifferen t a n g les  still lea v in g  beh in d  a d eg ree  o f  
uncertainty o v er  m any issu es  already h igh ligh ted  on an earlier o c ca s io n  [2 ]. T h e present 
in vestiga tion  is aim ed to see  the e ffe c t  o f  o x y g e n  and carbon on  don or form ation  in CZ- 
silicon .
V arious estim ates have been put-forth on the ex a ct num ber o f  o x y g e n  atom s in the 
T D  form ation . KFR m odel [31 based  on e le c tr ica l, o p tic a l and p rec ip ita tio n  stu d ies  
proposed  that a T D  co n ta in s 4  a tom s, in v o lv em e n ts  o f  m ore o x y g e n  a tom s d o  not act 
e ffe c t iv e ly  as donor at room  tem perature. In O S B  m odel [4 ], a T D  co n ta in s 5 or m ore 
o x y g en  atom s w ith a s ilico n  atom  at the centre o f  cluster, e jection  o i  w h ich  term inates the 
donor activ ity  and brings about stress relaxation . B ased  on T E M  anld IR stu d ies N ew m an  
[ 5 1 su gg ested  that a T D  conta ins 5 o x y g en  atom  on the b asis o f  D L T S  (d eep -lev e l transient 
sp ectroscop y) studies. M athiot's theoretical kinetic  m odel [6] su g g ested  that a T D  contains  
3 o x y g e n  atom s a ss isted  by s e l f  in terstitia l, the num ber o f  w h ich  m ay  vary. A nother  
estim ate  by Su c/.aw a e t a l  [71 based on optical absorption at lo w  tem perature, p laces the 
num ber o f  o x y g e n  a tom s participating in T D  form ation  to be 3 to 8. F rom  the above  
sum m ary, on e  thing is qu ite o b v io u s that the ex a ct num ber o f  o x y g en  atom s taking part in 
T D  form ation is still uncertain |8 ] .
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2. Experimental
2. / . M a te r ia l :
C zoch ralsk i grow n boron-doped  silico n  w afers used  for the study o f  thermal donors, were  
4 0 0 —4 7 0  j jm  thick w ith 80 mm diam eter, as cut, etched , po lish ed  surface, < 1 0 0 >  orientation  
and resistiv ity  ranging from 8 0 -1 0 0  ohm -cm . T h ese  w afers w ere cut dow n  into sm all p ieces  
o f  s i a c  1 x  2 c m 2 and then su bjected  to heal treatm ent in nitrogen am bient, at a constant 
tem perature o f  4 5 0 °C  for d ifferent durations in the range 1 -1 8 7  hrs. W afers from  the other 
region o f  the sam e ingot with d ifferent o x y g en  concentration  w ere annealed  in air at 450°C . 
C Z -W a fcrs used  for study  o f  new  d on ors w ere  from  d ifferen t in g o t, 6 0 0 - 6 7 0  /Jtn in 
th ick n ess , 8 0  m m  diam eter, < I 0 0 >  orien tation  and both su rfa ces m irror p o lish ed . Ttoo  
sa m p les referred hereafter as A and B had res istiv ity  v a lu es 9 .0  and 2 0 .0  o h m -cm  and 
annealed  in nitrogen am bient at a constant tem perature o f  6 5 0 °C  for d ifferen t duration upto 
100 hrs.
2 .2 . R e sis tiv ity  m ea su rem en t a n d  d o n o r  g e n e ra tio n  :
T h e resistiv ity  o f  s ilico n  w afer w as m easured w ith a c o ll inear four probe array (van der Paw  
m eth o d ) at room  tem perature and the num ber o f  carriers d erived  from  Irvin's cu rve  [9]. 
A fterw ard s, the w afer w as g iv en  the d esired  heat treatm ent in a n itrogen /a ir  am bient and 
su b seq u en tly  c lean ed  in hydrofluoric acid  in order to rem o v e  surface o x id es . T h e  resistiv ity
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o f  th e  a n n ea led  sa m p les  w as again  m easured  and the co rresp on d in g  num ber o f  charge  
carriers d er iv ed  from  the Irvin's curve. A ssu m in g  that the m o b ility  rem ains constan t, the 
d ifferen ce  o f  the carrier concentration betw een  un-annealed  and annealed  sam p les g iv es  the 
donors generated  or annihilated during the heat treatment.
2 .5 . O x yg en  a n d  p re c ip i ta te d  oxygen  :
A b so rp tio n  c o e ff ic ie n t  n eeded  to com p u te  the o x y g e n  content in the sa m p les has been  
d er iv ed  from  1106  cm *1 band from  FTIR  m easurem ents g iv en  by Iizuka e t  a l  [10 ]. T he  
v a lu e  o f  the absorption  c o e ff ic ie n t  Gfo so  obta ined , w as used to ca lcu la te  the interstitial 
o x y g e n  concen tration  u sin g  the ex p ressio n  Oj =  (3 .3  ±  0 .0 2 )  x  1017 Qfo cm -3. T he in itia l 
o x y g e n  concentration  in the test w afer w as m easured w ithout any sp ecia l heat treatm ent on  
it. A fterw ard s, the w afer w as g iv en  a sp ec if ic  heat treatm ent and the interstitial o x y g e n  
co n cen tra tion  w a s m easured  again . T he d ifferen ce  b etw een  the tw o  is attributed to the  
precip itated  o x y g e n  during heat treatment.
3. Results and discussion
3.1. A n n ea lin g  in n itro g en  a m b ien t a t  4 5 Q °C :
(i) Prim ary m o tiv e  o f  resistiv ity  m easurem ent on the annealed sam ples has been to ascertain  
carrier concen tra tion  w h ich  in turn, he lps to find out the donor concentration . In itia lly , a 
rapid in crea se  in the v a lu e  o f  res istiv ity  is noticed . A  further m arginal increase  in the  
ann ealing  tim e ca u ses a sharp fall in the resistivity value and b eco m es constant at and above  
9 6  hrs o f  ann ealing . T he num bers o f  donors generated at 4 5 0 °C  as a function  o f  annealing
tim e lead s o n e  to c o n c lu d e  that the generation  rate is very rapid in the early sta g es o f  
a n n ea lin g  and d ecrea ses  later on . H o w ev er , lo n ger  a n n ea lin ^ d u ra tio n  w ou ld  bring a 
saturation  in the don or concen tration . A n a ly s is  o f  the data revea ls the form ation o f  tw o  
d is t in c t  d on or  sp e c ie s . T h e  m axim um  d on or con cen tra tion  in our sa m p le  is  =  7 .9  x  
1 0 17 c m '3.
( i i)  A  sm o o th  and gradual d ecrea se  in the v a lu es o f  absorption c o e ff ic ie n t  as a 
fu n ction  o f  a n n ea lin g  tim e is  observed . T he results are in perfect conform ity  w ith  those  
reported by C apper e t a l  [11]. O x ygen  content in the reference sam ple is = .5 .08  x  1 0 18 c m -3 
w h ich  g ot reduced  to a m inim um  =  4 .0 9  x  1 0 18 cm -3 in sam ple annealed for 187 hrs [12].
( i ii)  P ro lon ged  ann ealing  tim es accelerate the p rocess o f  o x y g e n  precip itation , so  is 
the c a se  w ith  the d on or  form ation  w h ich  is a p ersp icu ou s ex p ecta tio n . T h e m axim um  
o x y g e n  precip itation  observed  in our sam ples w as =  1.97 ppm a.
( iv )  A  sim p le  p lo t o f  the d ifferen ces o f  the reciprocal values o f  the actual and initial 
o x y g e n  concen tra tion  [C (f)-1 -  C o"1] as a fun ction  o f  an n ealing  tim e at 4 5 0 °C  y ie ld s  a 
straight lin e  su g g estin g  that the o x y g en  reduction can be described by secon d  order k in etics
[1 3 ]. From  the gradient o f  the straight lin e  equal to 8 n D R t the d iffu sion  c o e ff ic ie n t  D  has 
b een  d eterm in ed  to  b e  ^  5 .5 2  x  10~19 cm 2 s-1 w here R  m eans the d istan ce  at w h ich  tw o  
o x y g e n  a to m s bind togeth er to  form  a co m p lex . R  *  5 .0  x  IQ-8 cm  has been  used  in the  
a b o v e  ca lcu la tion  [5]. T h e va lue  o f  D  so  obtained is  substitu ted  in the exp ressio n  D  «  0 .1 7
512 Om Prakash and S  Singh
exp (-E IkT) cm2 r 1 which yields the value of activation energy to be 1.089 eV. Even lower 
activation energy as compared to the above value for oxygen diffusion, i.e. = (0.7 ±  0.2) 
eV was found by Gaworzewski and Schmalz [14] for annealing at temperatures between 
525 and 600°C. This lower activation energy can be explained by sinks of diffused oxygen. 
This may also be due to the interactions of the diffused oxygen with other species of self- 
interstitials having sufficiently high diffusivity at these temperatures.
3.2. Annealing in air ambient at 450°C:
This study has been carried out to ascertain whether ambients affect the donor formation 
and oxygen precipitation or not. The wafers were taken from the same ingot but with 
different oxygen and carbon contents. The results for the samples annealed in air-ambient 
are almost'parallel to those reported in Section 3.1 and the difference in the values of 
donors generated and oxygen precipitated is due to the different initral oxygen and carbon 
contents in the parent samples. This result is in tune with the finding reported by Bean and 
Newman [15] who suggested that the ambient atmosphere, whether\this was wet or dry 
vacuum, hydrogen or deuterium did not affect the results. \
A few other important results are as follows :
1. Annealing of the samples for longer time, helps us to remove the inhomogeneities 
present in the sample upto a greater extent as may be inferred from resistivity 
measurements.
2. There is increase in the p-values upto 1 hr. After that, there is a sharp fall in the 
p-values as a function of annealing time and tends to a constant value above 55 hrs. ‘
3. The rate of donors generated is very rapid in the early stage of annealing but later on 
the donor generation rate decreases. The maximum donor concentration obtained in 
our sample is = 1.79 x 1017 cm-3.
4. A continuous and gradual decrease in absorption coefficient has been noticed as a 
function of annealing time. The calculated oxygen and carbon concentrations in 
unannealed (reference) sample is = 1.27 x 101B cm-3 and = 7.66 x 1017 cm-3 
respectively. The initial carbon concentration in the second group of samples (higher 
carbon and oxygen content samples) is = 1.18 x 1017 cm-3.
5. The oxygen and carbon concentrations in^samples annealed for 55 hrs are = 1.15 x 
1018 cm’3 and= 7.11 x 1017 cm-3 respectively. In the second group of samples, the 
minimum carbon concentration for 55 hrs is -  1.06 x 1018 cm’3.
6. The maximum oxygen and carbon precipitation observed in our sample is = 2.362 
ppma and = 1.100 ppma and in the second group of samples (containing higher 
oxygen and carbon concentration) the maximum oxygen precipitation observed is 
2.310 ppma.
7. The oxygen reduction can be described by the second order kinetics. The thermal 
diffusion coefficient of oxygen comes out to be 4.17 x 10~19 cnr2 s_1 amf activation 
energy 0.823 eV.
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3.3. Annealing in nitrogen ambient at 650X!:
The donor generation by the annealing at 650°C for different durations is plotted in 
Figure 1 which clearly shows that the donor generation is very fast and saturates at 75 hrs 
of annealing. Carbon and oxygen precipitation in terms of change in the carbon and oxygen 
concentrations as a function of annealing time is shown in Figure 2. This shows that the 
donor generation depends on both carbon and oxygen concentration.
Figure 1. Donor concentration as a function of Figure 2. Change in carbon and oxygen
annealing time by annealing at 650°C. concentration as a function of annealing time by
annealing at 650°C.
Figure 3. Donor concentration and oxygen reduction by annealing at 650®C
Donors generated has been correlated with the oxygen reduction as shown in 
Figure 3. It is dear from the figure that carbon enhances the donor formation which is
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h igh er  in the sa m p le  w ith  le s s  carbon co n cen tra tio n . D o n o rs generated  v ersu s carbon  
reduction h ave been plotted in F igure 4. S teep-rise  in the donors generated m ay clearly  be
attributed to the saturation o f  carbon reduction . T h e  graphs are se lf-ex p la n a to ry  and the 
results agree w ith those reported by O h sa w a ef a / [16].
4. Some numerical estimates of the O-atoms in the TD formation
L o g ica lly , in vo lvem en t o f  7 Oj atom s in a sin g le  T D  sounds m ore reasonable  as a lso  opined  
by L indstrom  e t a l  [ 1] b ecau se  thermal treatm ent creates a s ilico n  s e l f  interstitial (S i,) and 
Sij so  created  is  surrounded by six  O j-atom s w h ich  b eco m e m ore m o b ile  as a result o f  an 
increase  in tem perature. O ne O, o ccu p ies  the site  vacated  by s ilico n  atom . O ne s in g le  T D  
m ay contain  seven  nearest Oj atom s w ith Si as nucleus [17].
5. Summary
1. A n n ea lin g  o f  the w afers under d ifferen t am bients w hether nitrogen or air, d o es not 
h a v e  any in flu e n c e  on the b eh av iou r  o f  the param eters ca lcu la ted . W h a tso ev er  
d ifferen ce  w e  o b serv e , is attributable to  the p resen ce  o f  in itial o x y g e n  and carbon  
con cen trations in the incom in g w afers.
2. O x y g en  reduction  can be described  by the secon d  order k in etics.
3. There is the involvement of 7 O* atoms in a single TD. —-
4. Carbon suppresses the thermal donor formation.
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